In this paper, a comprehensive study of the effects of Ni-doping on structural, electrical, thermal and magnetic properties of the NbB 2 is presented. Low amounts (≤ 10 %) of Ni substitution on Nb sites cause structural distortions and induce drastic changes in the physical properties, such as the emergence of a bulk superconducting state with anomalous behaviors in the critical fields (lower and upper) and in the specific heat.
superconducting material. Mudgel et al. inferred the absence of a superconductor state above 2.0 K in stoichiometric NbB 2 by M(T) and ρ(T) measurements [14] . Indeed, in 1966 Ukei and Kanda measured bulk superconductivity in stoichiometric NbB 2 with a transition below 1.0 K [15] . Thirteen years later, a critical temperature close to 0.62 K (from specific heat measurements) was confirmed by Leyarovska with the absence of any transition above to 1.0 K [16] . Nonetheless, some research groups claim that superconductivity only exists in Nb-deficient phases (Nb 1-x B 2 ) where T C is related to the Nb vacancy concentration [8, 17] . Historically, superconductivity was found in non-stoichiometric NbB 1.94 at 1.2 K in 1951 [18] . These findings have then warranted further investigation in NbB 2 . Nunes et al. reported a systematic study on the defect structure of NbB 2 by neutron diffraction [19] . The study revealed that for all the compositions of NbB 2-x , the maximum T C is lower than 3.5 K and the distance between Nb-B atoms remained approximately constant at 2.43 Å. This result suggests that the lattice parameters variation as a function of B content does not occur randomly. To explain the large stability interval within the NbB 2 phase, a structure of defects created by vacancies has been proposed [20] .
The defective structure is based on cohesive forces in the planes of B, balanced by expansive forces in the planes of Nb. As a consequence of these defects, the electronic structure and the electron-phonon coupling are extremely dependent on the stoichiometry. No less important is the possibility that vacancies at both the Nb and B sites can receive unintentional contaminants or dopants that stabilize the stoichiometric and non-stoichiometric phases.
From these perspectives, we investigate the effects of Ni-doping on Nb sites in NbB 2 . A thorough study reveals the stability of the AlB 2 -prototype during the metallic substitution in Nb 1-x Ni x B 2 (0 ≤ x ≤ 0.10 range). A dense set of magnetic, electrical and thermal measurements demonstrate that Ni-doping is able to increase the T C of stoichiometric NbB 2 . In particular, specific heat results show clear evidence of unconventional superconductivity for the Nb 0.91 Ni 0.09 B 2 nominal composition with a critical temperature close to 6.0 K. For this composition, the lower and upper critical fields (H c1 and H c2 ) have a linear behavior and the specific heat (C p ) at very low temperatures deviates strongly from the conventional exponential temperature dependence. Such experimental results are beyond those addressed by single-band Bardeen-Cooper-Schrieffer (BCS) theory and suggest an anomalous superconducting behavior in Nb 1-x Ni x B 2 , possibly arising from multiband effects.
II. Experimental Procedures
Polycrystalline Nb 1-x Ni x B 2 samples in the composition range from 0 < x ≤ 0.10 were synthesized by arc melting. Stoichiometric amounts of high purity elements Nb, Ni, and B (> 99.99 %) were melted on a watercooled Cu crucible using a non-consumable W electrode in a horizontal arc-furnace with very high electrical current (380 A ~ 3500 °C) and elevated heat extraction. After several high vacuum purges, the melting was carried out under high purity Argon atmosphere gettered by melting a Ti sponge. Samples of 0.25 g were flipped over and re-melted 5 times to ensure their good homogeneity. The weight loss during the arc melting was negligible (˂ 0.5 %). As already mentioned, stoichiometry deviations in NbB 2 can induce superconductivity and changes in the superconducting critical temperature. In order to conduct a detailed study of the Ni-doping effects in the NbB 2 system, mass losses were systematically controlled to keep a final composition with 1:2 of metal: boron atomic ratio.
X-ray powder diffraction (XRD) was obtained in a Panalytical diffractometer (model Empyrean) with detector PIXcel 3D accessory using Cu-Kα 1 (1.5406 Å) and Bragg-Brentano geometry. The diffraction patterns were acquired in the 2θ range between 20° and 90° with steps of 0.05° and acquisition time of 2 s. The lattice parameters analyses, patterns simulation, and refinement of the structures (Rietveld method) were performed using PowderCell [21] and GSAS software [22] adopting as reference the NbB 2 phase crystallographic data reported in the literature [19] .
Magnetic, electric, and thermal characterizations of as-cast samples were carried out by using a Quantum Design system: MPMS-SQUID and PPMS-9T with He 3 probe. The T C (onset) was defined from resistivity, magnetization and specific heat as the first temperature signal from normal to superconductor state. 
III. Results and Discussion
In the discussion that follow, we assume the Ni nominal content, i.e., that the samples stoichiometry equals the ratio of elements that went into the melt. Figure 1 shows the XRD patterns obtained for the Nb 1-
x Ni x B 2 samples with x from 0 up to 0.10. For the entire set of samples, Fig 1(a) , the (hkl) reflection peaks can be indexed using the AlB 2 -prototype (P6/mmm space group) related to the NbB 2 phase. The 2θ range between 25°
and 35°, related to the a and c axes of the hexagonal structure, is shown in detail in Fig. 1 Although further studies should be conducted to clarify this aspect, we assume that the Ni substitution level for optimized superconductivity in the range of composition investigated is x = 0.09. Magnetization curves in the temperature range between 1.8 and 6.0 K in applied H-fields up to 600 Oe ( Fig.   6(a) ), nearly to the Meissner state, were obtained using a rectangular bar-shaped sample in order to minimize the demagnetization factor. The H c1 values were then estimated from the deviation point of the linear slope of the curves and by assuming ∆M = 1x10 -3 emu/g as a criterion to distinguish the Meissner line from the M signal [23] as shown in Fig. 6 
where H c1(0) is the lower critical field at zero Kelvin. The H c1 (τ) curve is shown for a comparison approach, admitting experimental data directly on the Eq. (1) with no restrictions on H c1(0) . Such a quadratic dependence does not seem to be observed and therefore provides evidence of unconventional superconductivity in the Nb 1-
x Ni x B 2 system. Similar features were also found in MgB 2 and Zr 0.96 V 0.04 B 2 , which do not seem to follow the expected trend of the single-band BCS theory [4, [23] [24] [25] [26] .
FIG. 6. Nb 0.91 Ni 0.09 B 2 sample: (a) applied magnetic field (H) dependence of magnetization (M) for different temperatures (T). (b) ∆M versus H used as a criterion for H c1 definition. (c) Lower critical field (H c1 ) versus reduced temperature (τ = T/T C ).
For a complete understanding of the observed behavior, specific heat (C p ) measurements at very low temperatures were made. Fig. 7(a) ) and corresponds to the phase transition from the normal (nonsuperconducting) to the superconducting state, in line with the findings [15, 16] . In contrast, the anomaly is stronger and broadened close to 6.0 K at H = 0 for the Ni-containing sample, Fig. 7(b) . The standard procedure is to find a sharp and discontinuous jump for a conclusive occurrence of a bulk second order transition with a strong break in the C p /T linearity, however, the superconducting transition is much more spread out that would be expected and therefore we take the maximum rather than onset. Nevertheless, the T C value of ≈ 4.0 K (onset at ≈ 6.0 K) agrees well with the resistivity and magnetization results where an equivalent superconducting critical temperature is seen (Figs. 5 and 4) . In addition, the shifts of T C to lower temperatures with the increase of the applied field are consistent with the existence of a superconducting state.
The specific heat was analyzed by fitting in normal-state from 10 K up to near the T C following Debye model:
The first part of the expression corresponds the electronic contribution to the C p described by the Sommerfeld 
This description has been based on Eliashberg equations with microscope elements (mainly the electron-phonon spectral function) in the BCS theory. Although the Eq. (3) has been derived for an isotropic Fermi surface, several aspects of theoretical fundaments agreed well with an anisotropic superconducting where the determination of a <λ EP > from an observable, such as the specific heat is still valid [30] . Therefore, we use Eq. is considerably smaller than that of the bulk pairing BCS prediction (1.43) [16] . On the other hand, the linearized electronic contribution ln(C p(electronic) /γT C ) to the C p versus T C /T displays a remarkable divergence from BCS theory up to close to T C /T ≈ 2.8 ( Fig. 8(b) ). BCS predicts that electron excitations with energies close to the Fermi level through the single isotropic gap gives rise to an exponential behavior at temperatures lower than T C .
On the other hand, in multiband material the increase of the electron-phonon coupling anisotropy leads to an non-exponential dependence [35, 36] . As a first approach to describe the dependence on temperature, a power law fit was used as shown in Fig. 8(b) . However, a complete explanation of the problem requires further calculations. In Fig. 8(c) , the H-field dependence of the γ electronic coefficient can be observed, where γ values are the fits from the Fig. 7 curves and normalized by their value at H = 7 kOe. A similar result has been found for the MgB 2 multiband superconductor compound [37, 38] . Pribulova et al. proposed that such dependence emerges as a consequence of the contribution of two different gaps on the Fermi surface [39] . In the multiband case, different Fermi velocities and gap asymmetries with different scattering rates and different DOS contributions result in anomalous superconductor behavior in applied magnetic field; the two gaps being connected by a coupling term which results in only one T C [30, 35] . In the present study, the experimental results appear to be consistent and suggest that the mechanism responsible for the superconducting state does not follow the BCS theory of a single isotropic band. However, the specific heat measurements were not able to separate the contribution of the two bands [40] . 0) ), the point indicated in the figure, it was estimated by using the Werthamer-Helfand-Hohenberg (WHH)
theory [41] in the limit of a short electronic mean-free path (dirty limit) given by: H c2(0) = -6.93T C (dH c2 /dT) T→Tc (CGS unit). The derivative close to T C gives an H c2(0) ≈ 8.2 kOe. One observes in the superconducting phase diagram a striking linear behavior which differs from the second-order expected for single-band materials.
Compounds considered multiband superconductors exhibit analogous response for H c2 (τ) [42] [43] [44] . Doping with a magnetic impurity such as Ni has been investigated in several superconducting families [45] [46] [47] [48] [49] [50] [51] . Generally, Ni-doping suppresses the superconductivity and decreases the T C . Magnetic pair breaking effects and changes in DOS near the Fermi level has been arguments accepted as a valid explanation for the outcome. Our results shows the opposite, where Ni-doping is able to increase the T C of NbB 2 . Although the unconventional behavior origin observed in both critical fields and specific heat is not entirely clear, there are strong indications of multiband effects which seem to be typical of the AlB 2 prototype structure. Different scattering rates (interband and intraband) cannot be ruled out, as occurs in two-band superconductors. In particular, intraband dispersion by magnetic scattering (ferromagnetic Ni-doping) can affect the H c2 critical field curvature without major influence on pair breaking effects. However, further investigations need to be conducted to clarify the mechanism which generates this superconductivity. Important questions about the nature of the substitutional doping effects on the electronic structure of NbB 2 such as Ni multiple valence states in association with the uncertainty of the substitution position becomes a significant issue for a theoretical description of the Nb 1-x Ni x B 2 system.
IV. Conclusions
A detailed study of the superconductivity of polycrystalline NbB 2 and Nb 1-x Ni x B 2 samples was presented and discussed. Specific heat results show that partial substitution of Nb by Ni ions generates strong changes in electronic and phononic structure, able increase the bulk superconductivity of the NbB 2 < 1.3 K to maximum T C ≈ 6.0 K at Nb 0.91 Ni 0.09 B 2 nominal composition. Excellent agreements for the transition temperature as characterized by magnetic, electrical and thermal measurements were observed. The lower and upper critical fields exhibit linear behaviors, in addition to the heat capacity data deviate from simple BCS prediction (exponential behavior), which we believe to indicate unconventional superconductivity possibly related to the multiband phenomenon.
